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Abstract 
Frost growth is a major concern in many air conditioning and refrigeration systems. Frost buildup causes an 
increase in the airside pressure drop and thermal resistance of the evaporator, yielding a substantial decrease in 
operational efficiency. To date, methods for reliable detection of frost have not been available.  Approaches in 
which “point” sensing of frost is used for detection have difficulties when the growth pattern of the frost changes 
due to manufacturing variability, installation variations, and differences in operational conditions. Defrost cycles 
rely almost exclusively on timers set by the manufacturer based on previous tests. In this project, two different 
methods were investigated as possible frost detection techniques. Small accelerometers were used to record and 
compare acceleration power spectrum signals from the evaporator structure as frost adhered to the evaporator 
surface. The white noise vibration from the expansion valve, used as an excitation source for the accelerometers, did 
not propagate through the evaporator tubes because the liquid of the two-phase flow refrigerant damped the 
vibrations. It appears that the method is not useful as a means of frost detection for home refrigerators although it 
may have utility for other types of refrigeration systems. In the case of home refrigerators, other sources of 
vibrational excitation of the evaporator should be explored.  
The electro-mechanical impedance method is being currently studied as a structural health monitoring 
technique. In this project, the method was tested as a mean of monitoring frost formation on the evaporator. The 
impedance signal obtained using small piezoceramic wafers showed significant changes as frost was formed on a 
test structure (an isolated evaporator fin). These results suggest that the electro-mechanical impedance method could 
be used as a frost detection technique and further investigation should be performed. 
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Chapter 1. Introduction 
Frost growth is a major concern in many air conditioning and refrigeration systems.  As frost grows, 
detrimental effects can occur including blockage of air passageways and degradation of the heat exchanger transfer 
coefficient.  To date, methods for reliable detection of frost have not been available.  Approaches in which “point” 
sensing of frost is used for detection have difficulties when the growth pattern of the frost changes due to 
manufacturing variability, installation variations, and differences in operational conditions. 
As frost grows in the heat exchanger, changes in the structure of the device may change the heat 
exchanger’s vibration characteristics. One of the properties that may be affected by the addition of frost to the 
evaporator is mass. As frost is deposited in the evaporator’s tube and fins, the mass of the system is significantly 
changed since the amount of frost deposited in the evaporator is often significant compared to the mass of the dry 
heat exchanger. As frost adheres to evaporator’s fins and tubes, another property that can be significantly affected by 
frost is the stiffness of the evaporator. From a simple conceptual basis of a cantilever beam, the relative changes in 
evaporator mass and stiffness will results in a change in the natural frequencies of the structure. The regular 
operation of the system may produce enough excitation sources so vibration signals can be detected by inexpensive 
methods. Compressors, fans, air flow and fluid flow are components that at steady operation of the refrigeration 
cycle may produce enough excitation to obtain vibration signals from evaporator. In particular, the broadband 
acoustic energy in the refrigerant flowing out of the expansion device is known to excite the evaporator structure. 
The vibration signals can be easily obtained by means of accelerometers. These devices were once 
expensive transducers and since they are beginning to be produced in volumes due to increasing areas of application, 
they have become inexpensive. In large quantities, they are expected to cost less that $4 within a year. Frost 
formation detection is based on shifts in the peaks of the frequency responses, so the actual amplitude values are not 
critical. Hence the amplitude responses of the transducers need not to be calibrated accurately, reducing the cost of 
the sensor. 
To date, defrost cycles rely almost exclusively on timers set by the manufacturer based on previous tests. 
This is a very inefficient process since the loads to which the system is submitted to can vary significantly. It has 
been established that frost formation increases the evaporator efficiency up to a certain amount of frost. This 
information can be used to establish the optimal defrost cycle operation time and knowledge of the amount of frost 
can be used with this information to establish the optimum point of defrost startup, as well as defrost shutdown.  
Frost detection by means of small accelerometers is discussed in Chapter 2. A refrigerator’s evaporator was 
equipped with several accelerometers and frost was allowed to accumulate. Frequency signals were recorded by a 
dynamic signal analyzer from the accelerometers during the refrigerator operation as frost was formed and later the 
data was processed and studied. 
Chapter 3 presents a summary of piezoelectricity theory as well as literature review on the electro-
mechanical impedance method. That method has been primarily used as a structural health monitoring technique. 
Chapter 3 presents a series of experiments carried out to explore the possibility of employing the electro-mechanical 
impedance method to monitor frost formation on the evaporator. Recommendations of how to further explore this 
method are presented. 
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Chapter 2. Frost Detection By Means of Accelerometers 
2.1 Introduction 
This chapter investigates the possible use of small piezoelectric accelerometers to detect changes in the 
vibrational characteristics of evaporators as a way to detect frost accumulation. As frost adheres to the evaporator 
fins and tubes, there will be a change in the mass, stiffness, and damping of the evaporator structure. These changes 
are expected to alter the vibration characteristics of the evaporator, reflected as shifts in the frequency peaks in the 
response spectrum or changes in the relative response amplitudes.  Experiments were conducted and where 
monitored by measuring the temperature and humidity inside the refrigerator to ensure the data obtained is valid for 
typical operation conditions. Open water sources where placed inside the refrigerator to increase the rate of frost 
formation in the evaporator (See Figure 2.1). An array of accelerometers was placed randomly throughout the 
evaporator to compare signals at these locations, investigating the feasibility of this method as a global mean of frost 
detection. 
 
Figure 2.1: Thermocouple, Humidity Sensor and Water pans location on refrigerator cabinet 
2.2 Experimental Setup 
A bottom mounted Crosley Shelvador Model CB22G6W home refrigerator was used as a test system for 
this experiment. The evaporator in this refrigerator is a Brazeway aluminum tube/aluminum plate. Two 
thermocouples where placed on the evaporator tube, one at the exit of the expansion valve and one at the end of the 
heat exchanger’s loop to measure the inlet and outlet temperature of the refrigerant. A thermocouple was also placed 
in the middle of the freezer to monitor the temperature of the freezer during testing. A series of thermocouples and 
humidity sensors where also placed at the fresh food section to monitor this area of the refrigerator, as well as a 
thermocouple outside to measure ambient temperature. The thermocouples used for this experiment were type T 
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thermocouples. The humidity was measured using a Humidity Adapter model 445603 manufactured by Extech 
Instruments, which has a sensitivity of 1 mV per 1% of relative humidity. 
The accelerometers used for this experiment where the AP1BCN Accelerometer manufactured by Oceana 
Sensor Wireless e-Diagnostics (see Figure 2.2). These accelerometers utilize piezoelectric sensing technology. 
Piezoelectric accelerometers rely on the self-generating, piezoelectric effect of either ceramic or quartz crystals to 
produce an electrical output signal proportional to acceleration. All the ceramic materials are manmade and are 
forced to become piezoelectric by a polarization process. This process, known as “poling”, exposes the material to a 
high-intensity electrical field, which aligns the electric dipoles, causing the material to become piezoelectric.  
 
Figure 2.2: Oceana Sensor AP1BCN Accelerometer Outline Drawing 
All Oceana Sensor’s accelerometers are made with piezoelectric ceramics. The accelerometer’s structure 
consists of an annular shear sensing piezoelectric ceramic attached between a stainless steel cover and a seismic 
mass. Solder is applied to the element assembly to insure a rigid structure and linear behavior. Under acceleration, 
the mass causes a shear stress to be applied to the sensing ceramic. This stress results in a proportional electrical 
output by the piezoelectric material. The accelerometers manufactured by Oceana Sensor contain a built-in signal 
conditioning circuitry to convert the high impedance charge signal into a low-impedance voltage signal. An ICP 
Sensor Signal Conditioner Model 480C02 manufactured by PCB Piezoelectronics was used to provide the current 
excitation for this transistor.  
The accelerometers used in this experiment have a sensitivity of about 10mV/g and a frequency range up to 
10 kHz, however the accuracy of the frequency response is determined by securely mounting the test sensor directly 
to the surface to be tested. The direct coupling to a very smooth surface generally yields the highest mechanical 
resonant frequency and therefore, the broadest usable frequency range. The adhesive used in the accelerometers 
lowers the resonant frequency of the sensing system and may affect the accuracy and limits of the accelerometer’s 
usable frequency range. For this experiment wax was first used as adhesive so the accelerometers could be moved 
from locations with ease. Once the optimal location for the accelerometers is decided, several options for adhesive 
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can be chosen, such as superglue or epoxies. Usually, the accuracy of accelerometers is directly proportional to its 
cost, but since the primary concern for this test is a shift in the frequency peaks due to frost formation, the actual 
amplitude value of the signal is not critical for now, allowing the use of low cost accelerometers.  
  
Figure 2.3: Endevco Model 25B Isomin Accelerometer Outline Drawing 
Since this experiment measures changes in vibration characteristics due to changes in mass and stiffness in 
the evaporator, the mass of the accelerometer becomes an important factor. To assure a minimal change in data due 
to the accelerometer’s presence, the mass of the accelerometer was compared to the mass of a strip of evaporator 
tube about the same length as the accelerometer diameter (~0.36”). The mass of the accelerometer is 1.9gm, which 
is considerable compared to the tube strip mass, found to be 1.5gm. For this reason a smaller, more expensive 
accelerometer was used to investigate the effects of the accelerometer’s mass in the readings. For this purpose, an 
Endevco Model 25B ISOMIN (see Figure 2.3) was used, which only weights 0.2 gm. The signal obtained with this 
accelerometer is to be compared with the signal obtained with the larger, less expensive accelerometer to investigate 
effect of the accelerometer’s weight. A Hewlett Packard 3562A Dynamic Signal Analyzer was used to collect the 
power spectrum of the accelerometer from each of the accelerometers placed on the evaporator. This analyzer has 
the capacity of performing wideband and narrowband measurements, so the frequency span limitation was set by the 
frequency range of the accelerometers. All the thermocouples and humidity probes readings where obtained using an 
HP 75000 Series 8 multimeter.  
In order to obtain an accelerometer signal, an external source of excitation in needed. Various excitation 
sources that are naturally part of the system may be sufficient for producing vibration signals that can be detected by 
the accelerometers. During steady operation of the system, disturbances from compressors, fans, air flow and fluid 
flow may naturally cause sufficient excitation for sensing vibration changes in the evaporator. Alternatively, the 
transient start up and/or shutdown periods may be more useful for producing excitations to the system that allow 
global sensing of frost buildup. In particular, the broadband acoustic energy in the refrigerant flowing out of the 
expansion device and into the evaporator is known to excite the evaporator structure (see Figures 2.4). The strength 
of the acoustic excitation is strongly influenced by the operating condition for the refrigeration system, but 
reasonably repeatable from cycle to cycle. Furthermore, the excitation is broadband and will excite all the natural 
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frequencies of the evaporator. In order to take advantage of this occurrence, the data must be obtained while the 
compressor is operating. A relay was used to monitor the compressor status, triggering the data acquisition process 
as soon as the compressor starts the refrigeration cycle.  
The defrost cycle was skipped by disconnecting the power to the heating coil to allow the frost to form 
continuously. A sealed container was placed at evaporator drain using a flexible tube to collect the water defrosted 
from the evaporator at the end of the experiment. 
 
Figure 2.4: Sound pressure spectra measured by a dynamic pressure sensor installed in a refrigerant wall tube 
downstream of an orifice tube (Singh, [1]) 
2.3 Experimental Procedure 
For this experiment, the evaporator was allowed to collect frost continuously by disconnecting the power to 
the heating coil. Warm water pans were placed inside the fresh food area to increase the rate of frost formation in the 
evaporator. The water mass in the pans was weighted using an electronic balance with an accuracy of 0.1 grams. 
This was done before and after placing the water pans inside the refrigerator to permit an estimate of the amount of 
frost being accumulated in the evaporator during the experiment. The water pans were placed inside the refrigerator 
at the start of the experiment and removed after the compressor stopped. The water pans were weighted again to 
measure the amount of water evaporated from the pans to determine a rough estimate of the amount of frost in the 
evaporator and the date and time were recorded to approximate the amount of frost at different times during the test. 
Then a new set of warm water pans are placed in the refrigerator and the process is repeated until the desired amount 
of frost is formed. It was assumed that the refrigeration cycle had reached steady temperatures. 
For the first experiment, an accelerometer was placed near the expansion valve to determine if the noise 
produced in the device was enough to excite the accelerometer. Other accelerometers were placed on different parts 
of the evaporator to determine if the excitation due to the expansion valve noise propagated downstream and excited 
the entire evaporator. Data was collected when the compressor was running. HP Vee software was used to program 
the Hewlett Packard 3562A Dynamic Signal Analyzer to gather data immediately after the compressor started 
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operating. A relay was placed on the compressor power line to monitor the compressor activity. When the 
compressor starts operating, the relay closes a circuit with a 9 Volt battery. The battery voltage is measured by the 
HP 75000 Series 8 Multimeter and serves as an indication of the status of the compressor. The HP Vee program was 
designed to monitor the voltage reading from the relay circuit and was set to trigger the data acquisition process 
when the voltage reading from the relay circuit showed a value higher than 1 volt (the reading was usually 8 to 9 
volts for a new battery). The Hewlett Packard 3562A Dynamic Analyzer was first set up to collect data for the whole 
100 kHz frequency span. These results serve as base to identify the frequency span that showed significant activity. 
Temperatures were monitored using the HP Multimeter during all experiments. (See Figure2.5)  
Hewlett Packard 3562A 
Dynamic Signal Analyzer 
HP Vee Software Data 
Acquisition Routine
HP 75000 Series 8            
Multimeter 
ICP Sensor Signal 
Conditioner
Compressor
Relay
Accelerometer
Humidity 
Sensor
Thermocouple
 
Figure 2.5: Experimental setup for surface acceleration tests 
After a significant amount of frost was formed on the evaporator, the refrigerator was shut down and 
allowed to defrost. The accumulated water was captured in a sealed container attached to the water drain. This 
provided an accurate measurement of the total amount of frost formed during the experiment. This measurement was 
compared with frost formation estimates based on measurement of the amount of water that evaporated from the 
warm water pans. Weighing the warm water pans provided an estimate of the amount of frost formed at different 
times during the experiment, as well as the total frost accumulation. 
2.4 Experimental Results 
The effects of the accelerometer’s mass addition to the evaporator structure were first tested. Compressed 
air was fed into the tubes of an evaporator to excite the structure. (The evaporator was an isolated component, not 
part of a refrigeration system.) The power spectrum signals obtained using a small accelerometer (Endevco Model 
25B Isomin Accelerometer, 0.2 grams) and a larger accelerometer (Oceana Sensor AP1BCN Accelerometer, 1.9 
grams) placed on this evaporator are shown in Figures 2.6 and 2.7. Although there is some difference in signal 
amplitude between the results from each type of accelerometer, the graphs show no noticeable change in the shape 
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of the power spectra between the two signals. This indicates that the added mass of the accelerometer does not 
significantly change the acceleration power spectrum. Since the proposed method is based on relative 
measurements, meaning that subsequent signals are compared to a base signal, the amplitude of the frequency 
response signal does not play a significant role in the experiment. Therefore, relatively larger, less expensive 
accelerometers can be used without affecting the integrity of the experimental results. For the remainder of the 
experiments, Oceana Sensor AP1BCN accelerometers were used. 
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Figure 2.6: Power spectrum signal using Oceana Sensor AP1BCN Accelerometer 
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Figure 2.7: Power spectrum signal using the Endevco Model 25B Isomin Accelerometer 
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An external source of excitation is needed to drive the accelerometers used in this experiment. Various 
excitation sources that are naturally part of the system may be sufficient for producing these vibration signals. 
During steady operation of the system, disturbances from compressors, fans, air flow, and fluid flow may naturally 
cause sufficient excitation. An accelerometer was placed near the expansion valve exit to observe if the white noise 
produced at the capillary tube outlet is enough to excite the accelerometer (See Figure 2.8). Figure 2.9 shows the 
power spectrum for the accelerometer setup previously mentioned. No frost was formed and the refrigeration cycle 
had reach steady state at the time. Results show a strong, clear signal that confirms that the tube surface vibration 
driven by the flow noise from the expansion valve can be used as an excitation source for the experiment. However, 
one must remember that two- phase fluid is flowing inside the evaporator. Depending on the quality of the 
refrigerant flowing in the evaporator, the sound pressure inside the tubes can be affected. The presence of liquid 
refrigerant droplets in refrigerant vapor will cause a sharp drop in internal sound pressure. A reduction in internal 
sound pressure will cause a corresponding drop in the tube surface vibration downstream from the capillary tube. 
This raises the question of how far downstream from the capillary tube the internal refrigerant sound pressure can 
excite the evaporator tubes. This is critical since the ability to excite the accelerometers placed at other locations of 
the evaporator depends on how far the noise can travel before disappearing. Figure 2.11 show the power spectrum 
obtained from accelerometers placed near, 0.25m, 0.55m and far away downstream from the capillary tube (See 
Figure 2.10). Compared to the power spectrum signal from the accelerometer placed near the expansion valve, the 
signals from accelerometers downstream are considerably weaker. This suggests that for this application, there is 
enough liquid in the two-phase flow to considerably attenuate the internal refrigerant sound pressure at larger 
distances downstream from the capillary tube. The power spectrum from an accelerometer placed near the end of the 
evaporator tube loop shows almost no signal activity, indicating the internal flow noise is almost completely damped 
by the two phase refrigerant. Therefore, other means to excite accelerometers placed far away from the expansion 
valve are needed for applications where there is a significant amount of liquid refrigerant present in the evaporator. 
However, there are several applications where the refrigerant exiting the expansion valve is mostly gas. For these 
applications, the noise produced at the exit of the expansion valve will propagate further in the evaporator tube loop 
and would allow the placement of accelerometers away from the noise source. 
 
Figure 2.8: AP1BCN Accelerometer placed near evaporator’s capillary tube exit 
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Figure 2.9: Power spectrum for accelerometer placed near evaporator’s capillary tube exit with refrigerator 
compressor running 
 
Figure 2.10: Accelerometer placements throughout evaporator surface 
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Figure 2.11: Power spectrum of accelerometer placed near, 0.25m, 0.55m and far away downstream from the 
evaporator’s capillary tube exit with refrigerator compressor running 
Although it is clear that the vibration caused by the capillary tube is not enough to excite accelerometers 
located far away from the tube exit, the information these accelerometers can provide about frost formation remains 
the focal point in this experiments. It was shown that an accelerometer placed near the expansion valve can be 
excited enough to obtain a clear vibration signal, so a series of experiments were carried out. Two accelerometers 
were use in this experiment: one placed near the capillary tube exit and one placed 0.25 meters away from the 
expansion valve. Pans filled with warm water were placed inside the fresh food section of the refrigerator to increase 
the rate of frost formation on the evaporator. The defrost cycle was skipped by disconnecting the defrost heater to 
allow continuous frost formation. The Hewlett Packard 3562A Dynamic Signal Analyzer was set to collect data 
right after the compressor started and once every three minutes for the next 15 minutes. Figure 2.12 shows the power 
spectra from the accelerometer placed near the expansion valve with different amounts of frost at the evaporator. 
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Figure 2.12: Power spectrum for accelerometer placed near expansion valve with continuous frost formation 
An estimated 95 grams of frost was deposited on the evaporator before the experiment was stopped. A 
frequency span of 10 kHz, was first used to identify the frequencies where the signal showed significant activity.  
Figure 2.13 shows no significant signal changes that could be used to draw a conclusion about the 
frequency response as a function of frost formation. A noticeable shift in the signal peaks is not evident between 
each curve and the amplitude of the signals does not follow a logical pattern (the highest amplitude corresponds to 
36.2 grams of frost while the lowest one corresponds to 0 grams of frost). Several factors can be affecting these 
results. The structure of frost depends highly on the rate it is deposited in the evaporator. Low rate will promote a 
denser frost formation structure, creating a hard coat in the evaporator fins and tubes. If the frost formation rate is 
relatively high, a low density frost will be formed. A harder, denser frost structure will affect the evaporator 
frequency response in a greater degree than a less dense frost formation. For this experiment, warm water was 
placed inside the fresh food section of the refrigerator to increase frost formation rate. Figure 2.13 shows a picture of 
the frost on the evaporator at the end of the experiment. Figure 2.14 shows the acceleration power spectrum at 
higher frequencies for an accelerometer placed midway downstream from the expansion valve. Based on the 
geometry and type of material of the evaporator tubes, the first bending mode is expected to be between 10 to 15 
kHz. This can be seen at the first curve of Figure 2.14 for no frost at the evaporator, where there is a noticeable 
hump around 13 kHz. This signal was recorded right after the refrigerator was turned on, so the inside of the 
refrigerator was at ambient temperature. However, as seen on the other two curves on Figure 2.14, as soon as the 
freezer compartment cools down, this effect seems to disappear. As before, the presence of liquid refrigerant 
damped the excitation signal from the expansion valve, preventing is to propagate downstream. When the evaporator 
was warm most of the refrigerant exiting the expansion valve was gas since the liquid refrigerant was accumulated 
by gravity at the evaporator when the refrigerator was not operating. Therefore, the use of accelerometers as means 
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of frost detection may no be suitable for this kind of refrigeration system. However, the method could be 
implemented in other systems where there is high quality two-phase flow exiting the expansion valve. 
 
Figure 2.13: 93 grams of frost formation on the evaporator structure after 4 cycles of refrigerator operation (pans 
with warm water place on the fresh food section increased frost formation rate) 
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Figure 2.14: Power spectrum for accelerometer placed midway downstream from expansion valve for a 5-25 
kHz frequency span with continuous frost formation 
2.5 Conclusions 
The mass of the accelerometer proved to have minimal impact on the implementation of the method. The 
white noise internal refrigerant excitation produced at the exit of the capillary tube was enough to excite the 
accelerometers placed relatively close to it, but was unable to propagate through the two-phase flow, so 
accelerometers placed far away from the capillary tube exit could not be excited.  Frost formation appeared to have 
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minimal impact on the vibrational characteristics of the evaporator tested. This may be related to the fact that frost 
was allowed to form at a higher rate by placing warm water pans in the refrigerator fresh food section. This may 
have contributed to the formation of a less dense frost and therefore the impact on the evaporator stiffness was 
minimal. An experiment where frost is allowed to form on the evaporator at a normal working conditions rate should 
be carried out in order to study the how frost formation rate affects it’s structure and how it influences the 
vibrational characteristics of the evaporator. 
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Chapter 3. Frost Detection via the Electro-Mechanical Impedance Method 
3.1 Introduction 
A structural health monitoring technique capable of in-service, on-line incipient damage detection in 
structures has been under investigation (see references [6] through [11]). The basic concept of this method is to 
monitor the variations in the structural mechanical impedance caused by the presence of damage to the structure. 
This chapter investigates the application of this method to detecting frost formation in evaporators. 
Frost formation has been a topic of research for many years. The effect of this phenomenon in the 
efficiency of evaporators has been well established. Monitoring the amount of frost can be extremely useful in 
minimizing the effects of frost in the efficiency of evaporators. Current methods rely almost exclusively on 
predictions based on previous tests done on the unit to decide when the defrost cycle should be initiated. Since the 
load conditions of the system can vary, the optimal defrost starting and ending time can vary considerably. Real time 
knowledge of the amount of frost can help create a much more efficient defrost cycle and overall refrigeration 
process. 
A new health monitoring technique has been developed for several applications in need of real-time, in-
service health monitoring. This method, which has been under investigation at the Center for Intelligent Materials 
Systems and Structures in Polytechnic Institute and State University (Virginia Tech), is based on the high frequency 
electromechanical impedance signature of the structures. This technique utilizes changes in vibration signature to 
qualitatively identify damage. The principal advantages of this technique compared to other techniques are that [2]: 
· The technique is not based on any models and thus can be easily applied to complex 
structures; 
· The technique uses small non-intrusive actuators to monitor inaccessible locations; 
· The technique, because of high frequency, is very sensitive to minor changes; 
· The technique is unaffected by changes in boundary conditions, loading or operational 
vibrations; 
· The technique can be implemented for on-line health monitoring; 
· The continuous monitoring provides a better assessment of the current status of the 
structure, which can eliminate scheduled base inspections; 
· The added weight of the actuator/sensor is negligible. 
This new impedance-based health monitoring technique relies on small patches of piezoceramic materials, 
also known as PZT, bonded to the surface of the structure being studied to actively conduct on-line health 
monitoring.  
3.2 Piezoelectricity 
The basis of the electro-mechanical impedance method for structural health monitoring is a property some 
crystals and ceramics exhibit called piezoelectricity. There are two types of piezoelectric effects: direct effect and 
converse effect. The phenomenon of the generation of an electric charge in a material when subjected to a 
mechanical stress is known as piezoelectric direct effect. When mechanical strain is generated when an electrical 
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field is applied the same material, it is known as piezoelectric converse effect. These properties allow the 
piezoelectric material to function as both actuator and sensor. Quartz is a good example of a piezoelectric crystal. 
The general constitutive equations that describe the piezoelectric material behavior given by ANSI/IEEE 
Standard 176-1987 are in the form: 
kkijkl
E
ijklij EdTsS +=  3.1 
k
T
jkkljklj ETdD e+=  3.2 
where Sij is the mechanical strain, Tkl is the mechanical stress, Ek is the electrical field, Dj is the electrical 
displacement, sEijkl is the mechanical compliance of the material at zero electric field (E=0), e
T
jk is the dielectric 
permittivity measured at zero mechanical stress (T=0), and dkij is the piezoelectric coupling between the electrical 
and mechanical variables. Equation 3.1 describes the converse piezoelectric effect while Equation 3.2 describes the 
direct piezoelectric effect of the material. The stress and strain are second order tensors, while the electric field and 
the electric displacement are first order tensors. In the piezoelectric configuration, the mechanical stresses and 
strains are applied in the 1- and 2-directions (in the plane of the surface of the piezoelectric material) while the 
electric field acts on the 3-direction (normal to the surface). The direction of positive polarization usually is made to 
coincide with the Z-axis. Therefore, the electro-mechanical couplings important for the impedance method are 3-1 
and 3-2 effects. The application of an electric field in the E3 direction induces surface strains in the S11 and S22 
directions. 
 
Figure 3.1: Direction of forces affecting a piezoelectric element 
Currently, there exist metal oxide-based piezoelectric ceramics and other man-made materials that enable 
designers to employ the piezoelectric effect and the inverse piezoelectric effect in many new applications. In order 
for these ceramics to become piezoelectric, a procedure called “poling” is carried out (See Figure 3.2). These 
ceramics have random orientation of polar domains prior to polarization. The domains in a ceramic element are 
aligned by exposing the element to a strong direct current electric field, usually at a temperature slightly below the 
Curie point. When the electric field is removed most of the dipoles are locked into a configuration of near alignment. 
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Figure 3.2: Polarizing (poling) of a piezoelectric ceramic 
These materials generally are physically strong and chemically inert and are relatively inexpensive to 
manufacture. In this experiment the piezoceramic material used was an Industry Type II. This piezoelectric 
transducer has a Lead Zirconate Titanate composition and was available from Piezo Systems Inc. 
3.3 Electro-Mechanical Impedance 
Electrical impedance is defined as the ratio of the energized voltage to the resulting current. Mechanical 
impedance is defined as the ratio of an applied force to the resulting velocity of the body to which the force is 
applied. Electromechanical transducer materials, such as piezoelectric materials, provide a means of coupling the 
mechanical and electrical impedance. The piezoelectric property makes it possible to extract mechanical impedance 
information from a structure by measuring changes in its electrical impedance. A PZT patch bonded or attached to a 
structure, and driven by a fixed alternating electric field, excites and induces vibrations in the structure. Meanwhile, 
the resultant vibrational response, which is characteristic of the particular structure, modulates the current flowing 
through the PZT. This modulation is representative of the degree of the mechanical interaction between the PZT 
actuator/sensor and the structure at a particular frequency. In electrical terms, the variation in the current modulates 
the electrical admittance (inverse of electrical impedance), which is defined as the ratio of the resulting current to its 
energizing voltage. The admittance signature then provides the same information, and serves the same purpose as 
the conventionally known transfer function. 
The interaction between a PZT patch and its host structure can be described by a simple one degree of 
freedom model [3] shown in Figure 3.3. The PZT patch is considered as a thin bar undergoing axial vibration in 
response to the applied voltage. One end of the bar is fixed and the other end is connected to the external structure.  
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Figure 3.3: Schematic representation of electro-mechanical coupling between PZT transducer and structure 
The assumption about the interaction of the PZT as two discrete points is consistent with the mechanism by 
which forces are transferred from the bonded PZT actuator to the substrate structure [4]. Solution of the wave 
equation for the PZT bar connected to the external mechanical point impedance of the structure leads to the 
following equation for the frequency dependent electrical admittance [5]: 
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where Y is the electrical admittance (inverse of impedance), Za is the mechanical impedance of the PZT, Zs is the 
mechanical impedance of the structure, YExx is the complex Young’s modulus of the PZT at zero electric field (E=0), 
d3x is the piezoelectric coupling constant in the arbitrary x direction at zero stress (T=0), e
T
33 is the dielectric constant 
at zero stress (T=0), d is the dielectric loss tangent of the PZT and a is the geometric constant of the PZT. 
In equation 3.3, the first term indicates the capacitive admittance of the free piezoelectric sensor, which 
provides the baseline admittance of the system. The second term includes the impedance of the structure (Zs), as well 
as the impedance of the piezoelectric sensor (Za). For a PZT bonded to a structure, its own impedance Za is fixed. 
Therefore, it is the mechanical impedance of the structure Zs that uniquely determines the contribution of the second 
term to the overall admittance Y. This contribution is seen in the ‘Admittance versus Frequency’ plots as sharp peaks 
around the baseline electrical capacitive admittance. Since these peaks correspond to specific structural resonances, 
they constitute a unique signature of the dynamic behavior of the structure. Hence, any changes in the impedance 
signature are attributed to damage or change in the structure.  
To obtain this signal, a sinusoidal voltage must be applied to the PZT. The frequency and peak root mean 
square [RMS] voltage is specified by the user. At any given frequency, the PZT sensor steady state current 
magnitude and phase must be measured. By dividing the applied voltage by the measured current at a selected 
frequency span, an impedance signature can be constructed. 
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3.4 Literature Review 
In this section, previous efforts to apply the impedance method to various structural health monitoring 
applications are briefly reviewed. 
The US Army Corps of Engineers’ Construction Engineering Research Laboratory (CERL), in coordination 
with the Center for Intelligent Material Systems and Structures (CIMSS) at Virginia Tech, undertook a project to 
demonstrate the capability of PZT technology to actively monitor the health of concrete/masonry structures in real 
time applications [6]. In the early stages of the research, a quarter-scale model of a bridge joint was first tested to 
determine whether full-scale civil engineering structures might be successfully inspected using the impedance-based 
technique. In this test, the piezoelectric sensors registered a notable change in the admittance signature when one of 
the bolts of the structure was loosened.  The change was notable when the loose bolt was near the PZT sensor. When 
tested for the effect of a loose bolt distant from the sensor, the baseline measurement was unaffected. From this test 
they concluded that the high frequency used to excite the bridge joint model is very sensitive to minor changes and 
that the actuation/sensing capacity of the PZT is limited to a small area. In the next phase of the project, CERL 
researchers conducted failure test on several masonry wall sections upgraded with FRP composite material. The 
objective of this test was to incrementally load each wall section to failure to determine whether the impedance-
based technique could effectively detect crack developments, upgrade debonding and delamination within the 
composite fabric. Each wall section was mounted diagonally in a million-pound load test machine to induce shear 
load failure. Each structure was loaded in steps and PZT sensors were used to interrogate the structure at each 
constant load step to determine insipient damage. From these tests they concluded that the data collected from the 
PZT sensors generally reflected structural damage as it occurred. However, the minimum time requirement to obtain 
the data from all PZT sensors from the data acquisition system limited the frequency at which the measurements 
could be made. The time needed to acquire a complete set of data from all sensors was longer than the time taken to 
increase the load from one step to the next and therefore, most of the data showed a significant change in admittance 
signal when failure was physically visible. Nevertheless, twice during the testing, they were able to acquire data 
while the load was being increased. The results showed a notable change in the signal, which demonstrated the 
possible ability of the impedance method to detect failure to a structure before it happens. They concluded that the 
impedance-based technique could be used to detect structure failure, even before it happens since for real 
applications loads increase in smaller steps, allowing real-time monitoring of the structure. 
Andrei N. Zagrai and Victor Giurgiutiu, from the University of South Carolina, conducted experiments 
using the electro-mechanical impedance method for crack detections in thin plates [7]. In this paper, a model for the 
electro-mechanical impedance spectrum as measured at the sensor terminals was developed. The model accounts for 
the geometry and boundary conditions presented by the host to the sensor. Experiments were also performed to 
verify the validity of the model. The experiments consisted of several 100 mm circular plates with 0.8 mm thickness. 
A 10-mm circumferential electric discharge-machining slit was used to simulate an in-service crack in the 
specimens. From the results, they concluded that the presence of a crack, located at different distances from the 
active sensor, modifies the broadband electro-mechanical impedance spectrum recorded by the piezoelectric active 
sensor. This paper demonstrated the ability of permanently attached PZT active sensors to perform structural 
identification and damage assessment in thin circular plates through the electro-mechanical impedance method. 
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An experimental investigation of electro-mechanical impedance health monitoring for spot-welded 
structural joints was performed by Victor Giurgiutiu, Anthony Reynolds and Craig A. Rogers at the University of 
South Carolina [8]. A spot welded lap-joint shear specimen, made of dissimilar aluminum alloys, was used in their 
experiment. The specimen was instrumented with 12 square-shaped piezoelectric wafer transducers of 6 mm size. 
The spot-welded lap-joint specimen was submitted to tension-tension fatigue testing to induce fatigue damage in the 
structure. They found that the specimen’s fatigue damage is related to change in stiffness, a property that can be 
easily monitored using the electro-mechanical impedance method. 
One of the many applications tested at Virginia Tech University was an aluminum truss structure connected 
together using Derlin balls [9]. A PZT wafer was bonded to the surface of each Derlin ball of the structure. 
Loosening a diagonal member that connects to a Derlin ball induced damage in the structure and the electro-
mechanical impedance method was used to monitor this damage to the structure. Two approaches were taken in this 
test: interrogation of all the PZT sensor responses as one signal (multiplexing) and the interrogation of each PZT 
sensor responses individually. They concluded that the use of multiplexing did not change the ability to detect 
damage. However, the use of this method resulted in the loss of the ability to predict the location of the damage. It 
takes a fraction of the time to multiplex the sensors compared to individually interrogate them but, due to the 
averaging effect that occurs when the signals from all PZT wafers are being analyzed at the same time, there is a 
decrease of damage sensitivity. 
A massive steel steam header was tested at Virginia Tech University as well with the purpose of 
investigating the possibility of implementing the impedance-based health monitoring technique to detect damage on 
large dense structures. The test structure used in this experiment was a massive, circular, three-inch thick steel steam 
header. Damage was induced at a randomly chosen position by drilling a 2 mm diameter hole and further deepening 
it. After the experiment was carried out, a conclusive finding couldn’t be reached. The extent of the damage was 
relatively small compared to size of the test structure and an accurate determination of damage was not achieved. 
This result shows that even thought the method was successfully implemented in other applications, it may not work 
for certain application where the damage to be monitored is relatively small compared to the structure. 
Andrei N. Zagrai and Victor Giurgiutiu worked on implementing the electro-mechanical impedance 
method on an aging aircraft structure and also tried to address the sensing area limitation of the method. 
Piezoelectric-wafer active sensors were applied to the realistic-aircraft panels to detect the change of electro-
mechanical impedance spectrum induced by the proximity of a simulated crack. The results showed that the real part 
of the electro-mechanical impedance spectrum was clearly influenced by the presence of damage, but only if the 
damage was close the PZT sensor. This corroborates what the US Army Corps of Engineers’ Construction 
Engineering Research Laboratory and other researchers also concluded. However, Zagrai and Giurgiutiu suggested a 
complementary technique called wave propagation approach where far field damage detection can be detected. In 
this technique the individual elements of a piezoelectric-wafer active sensors array are excited in a round-robin 
fashion and the elastic wave transmission through the structure is monitored. They concluded that the electro-
mechanical impedance method and the wave propagation approach can be used as complementary techniques that 
could be simultaneously used for damage detection. 
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Chaudhry, Joseph, Sun and Rogers also worked on an aircraft structure at the Virginia Polytechnic Institute 
[10]. The test subject was a tail section of a Piper 601P airplane. PZT patches were mounted on the fuselage side of 
the vertical tail support brackets and loosening the bolts of the tail support bracket induced the damage. In previous 
papers, they concluded that the electro-mechanical impedance technique is a good method of qualitatively 
identifying incipient-level damage in critical areas of the structure but fails to detect damage outside the sensing 
radius. They suggested that this method could be very useful if the application calls for the monitoring of specific 
critical areas of a structure. 
Gyuhae Park studied the effect of temperature variation in the implementation of the electro-mechanical 
impedance method [11]. Piezoelectric ceramics show a small variation in the real part of the electrical impedance 
signal with change in temperature, which could be wrongly interpreted as structural damage. In order to minimize 
the effects of temperature Park proposed an empirically based compensation technique. He was able to successfully 
apply the technique to a bolted pipe joint, gears and a composite reinforced structure in the temperature range of 25-
75°C. With this method he was able to detect incipient damage, even with the presence of temperature variation. 
The results obtained in these papers showed some pros and cons of the electro-mechanical impedance 
method. Most of the experiments were able to successfully identify damage to the structure using this method. 
However, most of them concluded that the impedance method is limited to a small area of sensitivity, making it hard 
to identify changes in the structure when the damage occurs far away from the PZT sensor. 
3.5 Experimental Set-Up and Procedure 
The piezoelectric material used to test the electro-mechanical impedance method as a means of frost 
detection was A4 type lead zirconate titanate ceramic. This ceramic is available from Piezo Systems Inc. 
(www.piezo.com) in a standard size of 72.3mm x 72.3 mm.  A variety of thicknesses are available as well. It has 
been established by several previous papers that deal with the impedance method that the thickness of the 
piezoelectric material is inversely proportional to the amplitude of the signal. In other words, the material will show 
a weaker response to an excitation voltage for ceramics with larger thicknesses, therefore a higher voltage source is 
needed to obtain a good signal. For this experiment, a small non-intrusive mass addition is preferred in order to 
minimize the effect on the evaporator structure due to the addition of the piezoelectric film. T105-A4E-602 was 
chosen. This is the thinnest ceramic sheet available with a thickness of 0.005 inches and a capacitance of 650 nF 
(±10%) for a 2.85 inch square sheet. The ceramic is extremely fragile and must be handled with extreme care. These 
piezoelectric films are supplied with thin, vacuum sputtered, nickel electrodes, on the top and bottom surfaces.  
Certain application will require a piezoelectric film with different dimensions or shape. Piezo Systems can 
supply sheet cut to required dimensions. However, small prototype parts can be cut by using a razor blade and a 
straight edge to score the piezoceramic surface and then making a controlled break. This procedure does not assure a 
straight-sided part or repeatable cuts. So if accurate dimensions are critical, the ceramic can be cut using a special 
diamond saw. For our experiment, the piezoelectric film was to be bonded to the tubes of the evaporator, so the film 
was custom cut into 25.4mm x 3.18mm strips (see Figure 3.4). 
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Figure 3.4: T105-A4E-602 Piezoelectric Ceramic, 25.4mm x 3.18mm custom cut 
A secure bond between the ceramic and the structure to be studied is critical in the utilization of 
piezoelectric materials. The basic function of a piezoelectric sensor/actuator is to excite the film with the structure 
vibration or to be able to excite the structure with the ceramic vibrations when voltage is applied to the ceramic. 
Therefore, the adhesive should be strong enough to transmit the shear stress between the structure and the 
piezoelectric film. Two part epoxies have proven useful in many applications. The manufacturer of the adhesive 
should be contacted to state specific bonding requirements such as metal surfaces to be joined, temperature of 
operation and any unusual shear stress requirements. Good quality bonds may be made with cyanoacrylate (e.g. 
“super glue”). An added benefit of cyanoacrylate bonds is that the bond easily achieves electrical contact. The length 
of time the bond will last will be application dependent, from seconds to years. For a short time the performance of 
the part is very close to that achieved using the best bonds, which makes it useful for exploratory work. Wires must 
be attached to each electrode, including the bottom electrode which is to be bonded to the structure, so a conductive 
bond between a metal substrate and the piezoelectric part can be employed. This way, one electrical lead is attached 
to the substrate and one to the outward face of the piezoceramic sheet. For this application, the structure is made of 
aluminum and conductive epoxy was used to bond the PZT film. This way, there was no need to solder a wire to the 
bottom electrode. Wires can be attached to the evaporator structure, which is in contact with the conductive epoxy, 
which at the same time is in contact with the bottom electrode. Silver-filled conductive epoxy was obtained from the 
McMaster-Carr company part no. 7661A11. A small quantity in pre measured dual packs lets you quickly mix and 
apply for small on-the-spot jobs. This epoxy develops a strong, electrically and thermally conductive bond between 
dissimilar materials including metal, ceramics, and plastic laminates. The disadvantage of using conductive 
adhesives is that a small amount of the adhesive can create a short circuit between the top and the bottom electrode. 
This problem is accentuated in this experiment since the PZT strips are extremely thin. One way to try to avoid this 
is to simply apply an extremely small line of conductive epoxy to the structure so when the PZT strip is placed, the 
adhesive doesn’t spread out of the bottom electrode, avoiding contact with the top electrode. Obviously, this process 
is very unreliable and shouldn’t be used in applications where there is little room for error. Another way to deal with 
this problem is to cover the PZT film corners with a strip of tape, or a similar material, at the top and at the bottom 
(see Figure 3.5). This way, the top and bottom electrodes are isolated from one another and room for error when 
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applying the conductive epoxy is increased by adding surface area and contact between them can be easily avoided. 
However, the addition of the bonding strip to the PZT can affect the frequency response characteristics of the 
assembly and must be tested. 
 
Figure 3.5: PZT film covered at corners to prevent electrical contact between top and bottom electrode due to 
conductive adhesive 
A linear amplifier was used to drive the piezoelectric material. The device chosen was a Piezo Systems 
Piezo Linear Amplifier EPA-104, Piezo Systems Inc., was used on the experiment. The EPA-104 from is a high 
voltage (±200 Volts peak), high current (±200 mA peak), and high frequency (DC to 250 KHz) amplifier designed 
to drive higher capacitive loads, such as low voltage stacks(moderate frequencies), or lower capacitive loads, such as 
ultrasonic devices (high frequencies). The main function of the linear amplifier is to amplify the voltage source and 
to drive the piezoelectric material. 
Electrical impedance is defined as voltage divided by current. In this experiment, the voltage is known 
since it provided by the Hewlett Packard 3562A Dynamic Signal Analyzer and it is specified by the user. This 
voltage signal is amplified by the Piezo Linear Amplifier and then is used to drive the piezoelectric ceramic. The 
current flowing through the piezoelectric strip can be measured by placing a resistor of known resistance on the 
circuit and monitoring the voltage drop across it. The impedance is obtained by first computing the current by 
dividing the measured voltage by the resistance. The impedance is then computed by dividing the applied voltage by 
the measured current. (This is a complex division.) It is anticipated that the current will change as the structure being 
studied changes.  It is hoped that frost accumulation on the structure, will be reflected in changes in the impedance 
vs. frequency plots. A diagram of this experimental setup is shown in Figure 3.6. 
Packing Tape 
PZT Film 
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Figure 3.6: Experimental setup diagram for electro-mechanical impedance method 
The user specifies the amplitude of the voltage source at the Hewlett Packard 3562A Dynamic Signal 
Analyzer and a sweep sine analysis is carried out. This voltage source is then amplified by the amplifier. The 
analyzer varies the frequency as specified by the user and data from the voltage reading at the resistor, as well as the 
voltage input, is collected using the HP Vee Software. The impedance for each input signal frequency is computed 
by dividing the driving voltage from the amplifier by the current calculated from the voltage reading at the resistor 
3.6 Experimental Results 
The piezoelectric ceramics were first tested unattached to any structure, allowing them to vibrate freely. 
The Hewlett Packard 3562A Dynamic Signal Analyzer was set to provide a voltage source of an amplitude of 100 
mVolts and the amplifier was set for a voltage gain of 20. Therefore, the PZT film was driven by a 2 Volts source. 
Figure 3.7 shows the impedance magnitude from this test. At the start of the test, a high pitch sound could be heard 
up until around 17 KHz. This is indicative that the PZT film is indeed being excited by the voltage input. The 
impedance vs. frequency plot in Figure 3.7 shows a clear spike at around 50 kHz which corresponds to the 
resonance frequency of the PZT wafer. These results show that the piezoelectric wafer was properly polarized and 
can be used as an actuator/sensor in the electro-mechanical impedance method. 
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Figure 3.7: Impedance magnitude vs. frequency for piezoelectric film not attached to any structure (free to 
vibrate) 
The capability of the PZT strip to excite an evaporator structure was tested next. The piezoelectric ceramic 
was attached to a tube of an evaporator using conductive epoxy and the Hewlett Packard 3562A Dynamic Signal 
Analyzer was set to carry out a sweep sine analysis with a voltage source of 2 Volts peak-peak. The impedance 
signal for this experimental setup is shown in Figure 3.8. The smooth curve on the graph indicates that the PZT strip 
bonded to the evaporator was not able to excite the evaporator tube. Structure resonances are expected to appear as 
peaks on the frequency response signal at the structure resonant frequencies. A PZT patch with a larger surface area 
or a higher driving voltage may be needed to excite this kind of structure, but the evaporator tubes restrict the size of 
the piezoelectric film.  The same experimental setup was tested varying the voltage source but the results were the 
same as before. The curves did not show any resonances and no other changes were observed. Results for 3 and 4 
Volts peak are also shown in Figure 3.8. Note that the signals are basically on top of each other with no visible 
changes. In order to observe the frequency activity for this test, amplification on a section of the signal is needed. 
Figure 3.9 shows the same impedance signals for a frequency range of 70 to 100 kHz. We variation of impedance 
with frequency can be clearly appreciated. Here we can distinguish the effects of voltage variation on the impedance 
signal. Some of the impedance peaks seem more defined with increasing voltage. This indicates that a higher driving 
voltage will improve the impedance signal in terms of effectively exciting the structure. An experiment to study the 
effects of the size of piezoceramic films on the activity of the impedance signal was performed. A 0.152m x 0.305 m 
piece of metal shim stock was equipped with two PZT films: one with a surface area of 72.4mm x 72.4mm and 
another with a surface area 25.4mm x 3.18mm. Both film where submitted to the same conditions and the 
impedance signals are shown in Figure 3.10. The impedance signal for the larger PZT patch shows a significant 
amount of activity compared to the smaller one, where the frequency response is a smooth curve, similar to the one 
obtained from the evaporator tube. Another test using the smaller PZT strip was carried out with a smaller piece of 
metal shim stock. Figure 3.11 shows the result of this test. Some activity can be observed at around 27 KHz and 65 
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KHz, although it is not as clear as begin the case of the larger PZT film. Based on these results, it appears that the 
rigidity of the structure being studied will control the minimum size of the PZT film. The relationship between the 
electric charge and the resultant stress in given in Equations 3.4 and 3.5., where “Q” is the charge, “A3” is the 
surface area perpendicular to polarization direction, “d31” is the piezoelectric coupling coefficient, “e” is the PZT 
permittivity, “t” is the PZT wafer thickness, “V” is the voltage and “s 11” is the stress on the surface parallel to the 
electrodes. Equation 3.5 shows that resultant stress is proportional to the applied voltage and inversely proportional 
to the wafer thickness. 
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Figure 3.8: Impedance magnitude vs. frequency with piezoelectric film attached to evaporator tube submitted to 
varying voltages of 2, 3 and 4 volts (curves coincide) 
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Figure 3.9: Impedance magnitude vs. frequency with piezoelectric film attached to evaporator tube at varying 
voltages zoomed at desired frequency span 
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Figure 3.10: Impedance magnitude vs. frequency for two piezoelectric films with difference surface areas 
attached to metal shim stock 
1131
3
*sd
A
Q
=  3.4 
or, 
t
V
A
V
t
A
d
ee
s ==
3
3
1131 *  3.5 
1.00E+00
1.00E+01
1.00E+02
1.00E+03
1.00E+04
1.00E+05
1.00E+06
0 10000 20000 30000 40000 50000 60000 70000 80000 90000 100000
Frequency (Hz)
Im
p
d
ea
n
ce
 M
ag
n
it
u
d
e 
(O
h
m
s)
, L
o
g
 s
ca
le
 
Figure 3.11: Impedance magnitude vs. frequency for small piezoelectric patch (25.4mm x 3.18mm) attached to a 
small piece of metal shim stock (50.8mm x 28.6mm) 
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The PZT film could not be used on the evaporator tubes. However, the evaporator fins offer some freedom in terms 
of space available to place PZT sensors and the fin structure is considerably less rigid that the evaporator tube, so a 
small PZT film could be enough to excite this evaporator component. Bonding a PZT film to an evaporator fin is 
difficult, so one of fins was extracted so a test could be performed. A 25.4mm x 3.18mm piezoelectric strip was 
bonded to the fin using conductive epoxy. In one case the film was simply bonded to the fin and in the other packing 
tape was used to avoid a short circuit between the electrodes (see Figure 3.5, results appear in Figure 3.12). The 
signals show a significant shift in amplitude. However, we still see the same frequency activity on both graphs. The 
question now will be how much the signal will change when the frost is added to the fin. The addition of packing 
tape has already altered the signal for one of the films, but if the signal still shows significant changes by the 
addition of frost, the electro-mechanical impedance method may be of use for frost detection. The first, frost free 
frequency sweep is to be compared to subsequent sweeps taken at different times during the formation of frost. To 
test this idea, an experiment where frost was “artificially” formed on one of the fins was developed. Liquid nitrogen 
was poured inside a Dewar up to the top. A piece of insulation shaped to fit the Dewar’s cavity was sliced and the 
bottom part of the fin was sandwiched into the insulated plug.  The bottom of the fin was submerged in the liquid 
nitrogen. The fin’s temperature dropped far below zero Celsius and frost began to form on the top section of the fin, 
which was exposed to air. Several containers with warm water were placed around the Dewar to increase the air 
humidity. Frost formed rapidly. All the components were placed inside a closed container to maintain a high 
humidity in the air surrounding the fin (see Figure 3.13). The PZT film bonded to the fin is driven by 2 Volts peak  
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Figure 3.12: Impedance magnitude vs. frequency for tape added vs. no tape added to PZT film  
 28 
 
Figure 3.13: Evaporator Fin submerged in liquid nitrogen, with PZT film bonded to collect impedance readings 
as frost is formed on the fin 
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Figure 3.14: Impedance magnitude vs. frequency of fin as frost is form on surface 
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provided by the amplified source from the Hewlett Packard 3562A Dynamic piezoceramic. Temperature also affects 
every property of piezoceramics (elastic, dielectric and piezoelectric coupling). The permittivity shown on the 
impedance equation (Equation 3.7), eT33, is known to vary significantly with temperature. As shown in Equation 3.6, 
the permittivity is proportional to the relative dielectric constant, K: 
KT 0ee =   3.6 
where eo = 8.85x10
-12 farad/meter.  From Figure 3.15, the 5H type PZT shows significant increase in this property. 
Figure 3.16 shows the variation of the piezoelectric strain constant, d3x, with temperature change as well. Although 
5A, the ceramic used in this experiments, is less sensitive to temperature changes than the 5H, it still exhibits a 
significant temperature dependency. Among the temperature dependent constants, the relative dielectric constant 
exhibits the most significant effect on the electric impedance of the PZT. It modifies the first term of the equation 
3.7, the capacitive admittance of the free PZT, and causes a change in the electrical admittance. 
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Figure 3.15: Influence of temperature on the relative dielectric constant, K [12] 
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Figure 3.16: Influence of temperature on the piezoelectric strain constant, d3x [12] 
To verify this, another test was performed where the level of liquid nitrogen was set lower in the Dewar. 
This way the fin was cooled by the liquid nitrogen and the gas nitrogen sitting stationary at the Dewar, blocked the 
humidity from the air, preventing frost formation. The results from this experiment are shown in Figure 3.17. Here 
we can see that the plots are shifting in the same manner as the data obtained with frost allowed to form. This 
response to temperature was also seen by Kabeya [13] on a test performed in a suspended PZT type 5A inside an 
oven equipped with a temperature controller. In his experiment, the impedance magnitude signal shifted down as the 
temperature increased. In our case, the signals shifted up as the temperature dropped. Also, the shift between the 30 
minute and 60 minute plots from Figure 3.17 seems to be smaller than shift from the first plot. This could indicate 
that the PZT is reaching steady state temperature and the temperature variation is not as marked as at the start. 
However, the relative dielectric constant graph shown in Figure 3.15 shows small variation for temperatures below 
zero. In fact, changes on this property seem to be smaller with lower temperatures. This may be another reason why 
the plots in Figure 3.17 seem to be shifting at a lower rate as time passes. However, the main difference between the 
results from Figure 3.17 and Figure 3.14 is that the plots seem to smooth out when frost is allowed to form on Figure 
3.14. The plots in Figure 3.17 do not show this behavior. The curves shifted as before, but the peaks seem to remain. 
Based on these results, one can conclude that the formation of frost changes the fin stiffness, to the point that after 
the second measurement from Figure 3.14, the PZT is no longer able to excite it, which explains why the lines 
smooth out. However, the first two curves, that do show some activity, also show a notable shift in the location of 
these peaks. This could be indicative of structural changes due to the formation of frost on the fin. Impedance plots 
to this point have been of impedance magnitude vs. frequency. Plots in the literature often show only the real or 
imaginary component of impedance vs. frequency. An experiment was conducted to evaluate this mode of data 
display. Figures 3.18 and 3.19 show the real and imaginary part of the impedance, respectively, obtained using a 
PZT wafer bonded to a fin extracted from an evaporator. The real part of the impedance displays relatively more 
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activity that the imaginary part. This is consistent with the literature, where the real part of the impedance signal 
showed the most frequency activity and sensitivity to structure change as well. It appears that the real part of the 
impedance plotted against frequency may be the preferred method of data display. It may be advantageous to use 
larger PZT wafers or higher excitation voltages so the film can be excited after its stiffness changes due to frost. 
This may permit detection of small changes in impedance as frost is forming on evaporator. In any event, results to 
date appear to indicate that there is enough activity in impedance vs. frequency sweeps to make the electro-
mechanical impedance method a useful means to monitor frost formation. 
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Figure 3.17:  Impedance magnitude vs. frequency for fin cooled by liquid nitrogen with no frost accumulation 
allowed 
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Figure 3.18:  Real part of impedance signal for PZT film bonded to fin 
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Figure 3.19:  Imaginary part of impedance signal for PZT film bonded to fin 
3.7 Conclusions 
The PZT’s ability to excite a structure depends on the surface area of the ceramic and the stiffness of the 
object being studied. Stiffer structures require a PZT strip with a large area or a higher excitation voltage, so the film 
can generate enough force to excite the structure. Notable changes could be observed when frost is formed on a fin. 
This is indicative that frost formation causes enough structural changes to implement the electro-mechanical 
impedance method as means of frost detection. PZT films with larger surface areas must be employed to 
successfully excite the structure when the frost stiffens it. The temperature of the structure also causes significant 
changes on the impedance vs. frequency sweeps. Notable curve shifts were seen as the material was cooled down. 
However, the plots did not show any significant changes in the location of peaks nor in peak amplitude. 
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Chapter 4. Summary and Conclusions 
The objective of this study was to explore the possibility of employing the vibrational characteristics of 
evaporators as a means of monitoring the amount of frost accumulation. For this purpose, two methods were 
investigated. 
The first method studied used small accelerometers placed at different spots on the evaporator tubes to 
record the auto-power spectrum of the tube surface acceleration at different frost formation times. The intent was to 
establish a relationship between the power spectra and the amount of frost accumulated on the evaporator. It was 
found that the white noise produced on the expansion valve exit was enough to excite accelerometers placed on an 
evaporator tube surface close to the valve exit. However, accelerometers placed far away from the expansion valve 
displayed a significant decrease in the power spectrum signal, some of them placed at the bottom of the evaporator 
showed little to no response at all. This indicates that the sound pressure in the refrigerant does not propagate down 
stream, therefore other means to excite accelerometers far away from the expansion valve must be explored. Also, 
the accelerometer did not show any significant or logical changes on the frequency response so no relationship 
between frequency response signal and amount of frost could be established. While the method does not seem to be 
appropriate for detecting frost formation on the evaporator of home refrigerators similar to the one studied, it may be 
useful for detecting frost formation on the evaporators of other types of refrigeration systems. 
The second method studied was the electro-mechanical impedance method. This method has been mainly 
investigated as a structure health monitoring method. This technique employs the piezoelectric properties of 
piezoelectric ceramics to study changes in electrical impedance. Since the piezoceramic is bonded to a mechanical 
structure (an evaporator in this case) the electrical impedance is coupled to the mechanical impedance of the 
structure. Changes in the mass and stiffness of the structure will change the electrical impedance. In this study, the 
method was tested to explore its usefulness as a tool to monitor frost formation on evaporators. Tests on complete 
evaporators were not successful since the piezo ceramic wafers were only bonded to the evaporator tubes. However, 
results from tests performed on an isolated evaporator fin show that the impedance signal is extremely sensitive to 
frost. This shows that the electro-mechanical impedance method may be useful as a frost detection method. Previous 
work reported in the literature have shown that the sensitivity of the PZT film is very limited and stiffer structures 
require PZT films of larger area to excite them. However the method need not be expensive, can be non-intrusive, 
and hence the method is worthy of further exploration. 
Other methods to exploit the frequency characteristics of evaporators, such as exploring low frequency 
responses by impact tests, will be explored in the future. Based on the results for the experiments carried out, the 
electro-mechanical impedance showed the most promise in terms of its capability to be used as a frost monitoring 
technique. However, further work will be needed to determine the utility of the method. 
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Appendix A. Single Layer Piezoceramic Type A4 
 
 
Thickness Capacitance 
Part Number 
mm in nF (±10%) 
T105-A4E-602 0.127 0.005 650 
 
Piezoelectric Specifications 
Composition Lead Zirconate Titanate 
Material Designation Type 5A4E (Industry Type 5A, Navy Type II) 
Relative Dielectric Constant (@ 1 KHz) KT3 1800 
d33 390 x 10
-12 meters/Volts 
Piezoelectric Strain Coefficient 
d31 -190 x 10
-12 meters/Volts 
g33 24.0 x 10
-3 Volts meters/Newton 
Piezoelectric Voltage Coefficient 
g31 -11.6 x 10
-3 Volts meters/Newton 
k33 0.72 Coupling Coefficient 
k31 0.32 
Polarization Field Ep 2  x 106 Volts/meters 
Initial Depolarization Field Ec 5  x 105 Volts/meters 
 
Mechanical Specifications 
Density 7800 Kg/meter3 
Mechanical Q 80  
Elastic Modulus YE3 5.2 x 10
10 Newtons/meters2 
 YE1 6.6 x 10
10 Newtons/meters2 
Poisson’s Ratio V ~0.31  
 
Thermal Specifications 
Thermal Expansions Coefficient ~4 x 10-6 meters/meters ºC 
Curie Temperature 350 ºC 
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Appendix B. Oceana Sensor Model AP1XN Accelerometer 
Dynamic Performance 
Voltage Sensitivity (±20%) mV/g [mV/ms-2] 10 [1.02] 
Measurement Range ± g pk [± ms-2 pk] 500 [5000] (+/-5V Output) 
Frequency Range (±5%) Hz 1.1 to 4000 
Frequency Range (±10%) Hz 0.85 to 6000 
Frequency Range (±3dB) Hz 0.40 to 10000 
Mounted Resonant Frequency kHz >25 
Phase Response (5Hz to 4kHz, 
70ºF [21ºC]) 
Degrees 0, ±5 
Broad Band Resolution g pk [ms-2 pk] 0.003 [0.03] 
Amplitude Non-Linearity % =1 
Transverse Sensitivity % =5 
 
Environmental 
Shock Limit – All Axes (Maximum) ± g pk [± ms-2 pk] 7000 [70000] 
Operating Temperature Range ºF [ºC] -65 to +185 [-54 to +85] 
Storage Temperature Range ºF [ºC] -65 to +250 [-54 to +121] 
Temperature Coefficient %/ºF [%/ºC] 0.10 [0.18] 
 
Electrical 
Excitation Voltage/Constant Current VDC/mA 18 to 28 / 2 to 20 
Output Impedance Ohms <100 
Output Bias VDC 8 to 12 
Discharge Time Constant Seconds =0.4 Standard 
Warm Up Time (10% of output bias) Seconds 2 
Spectral noise (1 Hz) µg/vHz [(µms-2)/vHz] 120 [1200] 
Spectral noise (10 Hz) µg/vHz [(µms-2)/vHz] 30 [300] 
Spectral noise (100 Hz) µg/vHz [(µms-2)/vHz] 8.0 [80] 
Spectral noise (1 kHz) µg/vHz [(µms-2)/vHz] 3.0 [30] 
Ground Isolation n/a No 
 
Mechanical 
Sensing Element material/geometry PZT/Shear 
material Stainless Steel 
Housing 
sealing Welded Hermetic 
Size (diameter x height) inch [mm] 0.360 x 0.256 [9.14 x 6.50] 
Weight [mass] oz [gm] 0.07 [1.9] 
Electrical connector type TO-5 (Three pins) 
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Figure B.1: Oceana Sensor Model AP1BXN Accelerometer Outline Drawing 
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Appendix C. Endevco Model 25B Isotron Accelerometer 
Dynamic Characteristics 
Range G ±1000 
  
mV/g 5 
Voltage Sensitivity 
Typical 
Minimum mV/g 4 
Frequency Response  See Typical Amplitude Response 
Resonance Frequency kHz 50 
  
Hz 2 to 8000 
Amplitude Response 
±5% 
±1 dB Hz 1 to 12000 
Temperature Response  See Typical Curve 
Transverse Sensitivity % =5 
Amplitude Linearity % < 2 to F. S. 
 
Output Characteristics 
Output Polarity Acceleration directed into the base of the unit produces positive output 
DC Output Bias Voltage Vdc +8.5+11.5 
Output Impedance Ohms =600 
Full Scale Output Voltage V ±5.0 
Residual Noise Equiv. g rms =0.007 
Grounding Signal ground isolated from mounting surface 
 
Power Requirements 
Supply Current mA +3.5 to +4.5 
Voltage Vdc +18 to +24 
Warm-up time seconds <3 
 
Environmental Characteristics 
Temperature Range  -67ºF to +257ºF (-55ºC to +125ºC) 
Humidity  Epoxy sealed, non-hermetic 
Sinusoidal Vibration g pk 500 
Shock Limit g pk 2000 
Base Strain Sensitivity equiv. g ph/µ strain 0.002 
Electromagnetic Sensitivity equiv. g rms/gauss 0.09 
 
Physical Characteristics 
Dimensions  See Outline Drawing 
Weight gm [oz] 0.2 [0.01 
Case material  Aluminum Alloy, Hard Anodized 
Mounting  Adhesive 
 
Calibration 
Sensitivity mV/g 4.327 
Maximum  g pk 10 
Transverse Sensitivity % 1.6 
Frequency Response % 2 Hz to 12 kHz 
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Figure C.1: Endevco Model 25B Isotron Accelerometer Outline Drawing 
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Appendix D. Piezo Systems Model EPA-104 Piezo Linear Amplifier 
 
 
Electrical 
Maximum Voltage ±200 Volts peak 
Maximum Current ±200 mA peak 
Output Power 40.0 Watts peak 
Frequency Range DC to 250 kHz 
(into 1 K ohm resistive load)…Flat DC to 300 kHz; 3 db roll-off: 400 kHz 
Bandwidth 
(into capacitive load)…see chart below 
Voltage Gain Adjustable from 0 to 20x 
Phase Shift -0.083º per kHz, typical 
Slew Rate (no load) 380 voltd/µsec 
Maximum Input Voltage ±10 Volts peak 
Maximum DC Component ±10 Volts DC 
Input Coupling Direct DC coupling only 
Input Impedance 10k ohms 
Output Coupling DC coupling 
Variable DC Offset Normally zero Volts. Adjustable to ±200 Volts peak 
Load Impedance Capable of driving any load within the voltage and current limitation of the amplifier 
Output Noise (300 kHz bandwidth) 2 mv, with output shorted 
AC Power Source User settable: 100-130 VAC, 50/60 Hz; or 200-250 VAC, 50/60 Hz 
Circuit Protection Overload, Short Circuit and Thermal Protection 
 
Mechanical 
Front Panel Controls Gain adjust; DC Polarity selector (+,0,-); DC offset adjust 
Rear Panel Controls On/off switch; Line voltage selector 
Terminals 
BNC for Input (ground referenced); safety shrouded 
banana jacks for high voltage output terminals (ground 
referenced) 
Weight 6.4 kg (14 lbs) 
Dimensions 305mm L x305mm W x 127 mm H (12”Lx12”Dx5”H) 
 
 41 
 
Figure D.1: Leak Voltage delivered to capacitive load at peak current rating as a function of operating frequency 
(steady state sinusoidal waveforms; Temperature = 25 °) 
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Appendix E. Frost Formation Data Using Oceana Sensor Accelerometer 
For the following graphs, the signal analyzer was set to record data every minute after the compressor 
started for 2 minutes 
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Figure E.1: Power spectrum for accelerometer placed near expansion valve. Each curve corresponds to data 
taken immediately after each compressor start. 
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Figure E.2: Power spectrum for accelerometer placed near expansion valve. All curves correspond to data taken 
1 minute after each compressor start. 
 43 
1E-10
1E-09
1E-08
0.0000001
0.000001
20000 30000 40000 50000 60000 70000 80000 90000 100000
Frequency (Hz)
A
cc
el
er
at
io
n
 (
g
),
 L
o
g
 s
ca
le
35 grams of Frost
80 grams of Frost
55 grams of Frost
 
Figure E.3: Power spectrum for accelerometer placed near expansion valve. All curves correspond to data taken 
2 minutes after each compressor start. 
 
Date Time Pan #1 (259.5 gm) Pan #2 (243.6 gm) H2O Lost (gm) 
10:39am 975.6 1002.3 
12:37pm 959.5 983.1 
35.3 
    
12:42pm 796 969.4 
2:14pm 787 958.9 
19.5 
    
2:17pm 979.8 1112.6 
3:50 968.2 1099.6 
24.6 
    
2/21/2003 
3.52pm 987.9 933.8 
2/24/2003 11:53am 891.5 853.3 
176.9 
Total H2O Lost 256.3 gm 
Figure E.4: Text matrix for moisture lost from warm pans placed inside the refrigerator fresh food area. The pans 
were weighed before being placed inside the refrigerator. After a period of time (approximately two hours in this 
case), the pans were taken out and weighed again. The difference in weight indicated the approximate amount of 
frost formed on the evaporator during the experiment. 256.3 grams of frost was formed in this case. 
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For the following graphs, the signal analyzer was set to record data every 4 minutes after the compressor 
started for 16 minutes 
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Figure E.4: Power spectrum for accelerometer placed near expansion valve. All curves correspond to data taken 
immediately after each compressor start. 
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Figure E.5: Power spectrum for accelerometer placed near expansion valve. All curves correspond to data taken 
4 minutes after each compressor start. 
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Figure E.6: Power spectrum for accelerometer placed near expansion valve. Each curve corresponds to data 
taken 16 minutes after each compressor start. 
Date Time Pan #1 (259.6 gm) Pan #2 (243.6 gm) H2O Lost 
11:20am 1096.1 1246.5 
1:18pm 1073.4 1233 
36.2 
    
1:23pm 1088.9 1080.4 
3:22pm 1067.2 1060.9 
41.2 
    
3:29pm 986.6 1230 
7/12/2003 
5:02pm 972.6 1212.6 
31.4 
Total H2O Lost 108.8 gm 
Figure E.7: Text matrix for moisture lost from warm pans placed inside the refrigerator fresh food area. The pans 
were weighed before being placed inside the refrigerator. After a period of time (approximately two hours in this 
case), the pans were taken out and weighed again. The difference in weight indicated the approximate amount of 
frost formed on the evaporator during the experiment. 108.8 grams of frost was formed in this test 
 46 
Appendix F. Impedance Data 
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Figure F.1: Impedance magnitude vs. frequency for PZT bonded to structure and PZT free to vibrate. The 
“bonded PZT wafer” was attached to an evaporator tube using conductive epoxy. The “free PZT wafer” was held 
by the electrode wires, suspended in the air, allowed to vibrate freely.  
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Figure F.2: Impedance magnitude vs. frequency for PZT bonded to fin without using packing tape as mounting 
aid. A Dewar full of liquid nitrogen was used to cool down the fin and frost was allowed to form continuously. 
The order of the signals corresponds to the amount of frost on the fin, the 1st signal being for the fin without frost 
and the 5th signal being for the fin full of frost. 
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Figure F.3: Impedance magnitude vs. frequency for PZT bonded to fin using packing tape as mounting aid. A 
Dewar full of liquid nitrogen was used to cool down the fin and frost was allowed to form continuously. The 
order of the signals corresponds to the amount of frost on the fin, the 1st signal being for the fin without frost and 
the 5th signal being for the fin full of frost. 
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Figure F.4: Impedance magnitude vs. frequency for PZT bonded to fin using packing tape as mounting aid. A 
Dewar full of liquid nitrogen was used to cool down the fin, but frost was allowed to form. The graph show the 
temperature effect on the impedance magnitude 
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Figure F.5: Impedance magnitude vs. frequency for PZT bonded to fin without using packing tape as mounting 
aid. A Dewar full of liquid nitrogen was used to cool down the fin, but frost was allowed to form. The graph 
show the temperature effect on the impedance magnitude 
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Appendix G. Data Acquisition System 
The data acquisition system centered on the Hewlett Packard 3562A Dynamic Signal Analyzer, used for 
frequency related measurements. The accelerometers/PZT sensors where connected to the analyzer channels by 
BNC connector cables. The Hewlett Packard 3562A Dynamic Signal Analyzer has only two channels available for 
data analysis, therefore only two accelerometers were tested at the same time. Thermocouples where connected to 
the HP 75000 Series 8 Multimeter, which has a capacity for 16 temperature or voltage measurements per card with 
two card slots available. The relay, which was connected to the compressor power line, was also connected to a 9 
volts battery. When the compressor started, the battery voltage was recorded by the HP 75000 Series 8 Multimeter 
as an indicator of the compressor status. 
The Hewlett Packard 3562A Dynamic Signal Analyzer and the HP 75000 Series 8 Multimeter were run by 
a Pentium I based PC running the Microsoft Windows 95 operation system. HP Vee version 2.1 software controlled 
the data acquisition components and Microsoft Excel was used to record and process the data obtained. Examples of 
the HP Vee programs used for these experiments are shown below. 
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Figure G.1: HP Vee Program for PZT film tests 
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Figure G.2: HP Vee Program for Oceana Sensor Accelerometer tests  
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Appendix H. Images of Bonded PZT Film and Accelerometer 
 
Figure H.1: PZT film attached to evaporator fin 
 
Figure H.2: PZT film attached to evaporator tube 
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Figure H.3: Oceana Sensors Model AP1XN Accelerometer 
 
Figure H.4 Piezo System custom cut (25.4mm x 3.175mm x 0.127mm) A4 Piezoelectric ceramic  
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Figure H.5: Oceana Sensors Model AP1XN Accelerometer placed on evaporator tube near the expansion valve 
